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As i n  the  other space sciences, our  understanding of 
t he  m e c h a n i s m s  which govern the characteristics of t h e  
egr th ' s  ionosphere has been enriched by the  r eeen t ,  golden 
oppor tun i t i e s  t o  perform experiments on rocket6:;and satel l i tes  
Ghich pass through the  m e d i u m  under study. 
Ing also has been improved by t h e  use of new an9 e x c i t i n g  
i rc 
tround-based experiments. 
of t h e  upper atmosphere which contains a s i g n i f i c a n t  number 
of charged particles w i t h  thermal energ ies  ( t en ths  of an 
3 
Thi$ understand- 
t Trad i t iona l ly ,  the  ionosphere is defined as t h a t  por t ion  
e l e c t r o n  v o l t  o r  less). Ionospheric charged particles, e l e c t r o n s  
and ions ,  r e s u l t  f r o m  i on iza t ion  of t h e  n e u t r a l  c o n s t i t u e n t s  
by u l t r a v i o l e t  and X-radiation from the  sun and poss ib ly  by 
corpuscular  r ad ia t ion ,  The e lec t rons  are los t  by recombina- 
t i o n  w i t h  the  p o s i t i v e  ions t h a t  a r e  simultaneously produced. 
The loss rate is s l o w  enough that the ionosphere persists 
throughout the  n ight  especially at the higher  a l t i t u d e s ,  
Because of the  high e l ec t ron  number d e n s i t y ,  t h e  ionosphere 
classically is associated w i t h  i ts effects on radio cor a i c a t i o n  
processes. 
In add i t ion  t o  the  above-described production and loss- 
mechanisms, g r a v i t a t i o n a l  and electromagnetic focres con t r ibu te  
t o  ionospheric characteristics. The combination of a l l  these 
factors is such that seve ra l  regions w i t h  unique f e a t u r e s  are 
formed. This n a t u r a l  subdivis ion permits a d iscuss ion  of the 
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ionosphere t o  be subdivided. S p e c i f i c a l l y ,  as w i l l  be done 
he re ,  it a l l o w s  for separate discussions of t h e L D  (50-85 
ki lometers ) ,  the  E (85-140 km) and the F (140-600 km) regions 
and  of the upper ionosphere which extends from '600 km t o  
s e v e r a l  earth r a d i i .  
c". 
The D, E and t h a t  por t ion  of t he  F region which lies 
b e l o w  about 300 km w e r e  i den t i f i ed  and named as a r e s u l t  of 
research w i t h  t he  classical tool of ionospheric research, 
the ground-based ionosonde . With t h i s  "low-f requency radar"., 
one measures t h e  t i m e  between transmission of a radio s i g n a l  
f r o m  t h e  earth t o  recept ion of t h e  echo refleded f r o m  t h e  
ionosphere. The e l e c t r o n  density a t  t h e  poin t  of r e f l e c t i o n  
is proport ional  t o  the square of the frequency. Therefore,  
yhen t h i s  is done as a func t ion  of frequency it is possible to 
ob ta in  e l e c t r o n  dens i ty  as a funct ion of a l t i t u d e .  W e  have 
learned much about t he  temporal and l a t i t u d i n a l  behavior of 
the e l e c t r o n  d i s t r i b u t i o n  i n  the lower ionosphere through 
long term world-wide use of ionosonde apparatus.  
It is t h e  purpose of t h i s  paper to summarize recent 
advances i n  our understanding of the ionosphere w i t h  e n a s i s  
on those t h a t  have come about as a r e s u l t  of the a b i l i t y  t o  
- 
V I  
I 
1 
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place observa tor ies  i n  the m e d i u m  under study. T h i s  necessa r i ly  
involves r e l a t i n g  the  detailed altitu.de, l a t i t u d e  and temporal 
v a r i a t i o n s  of a l l  characteristics of the thermal-charged 
particles t o  g r a v i t a t i o n a l  and eleckrbmagnetic forces, t o  
possible ioniz ing  sources ,  and t o  the na ture  of the n e u t r a l  
atmosphere from which the  ions and e l e c t r o n s  are created. 
TKE NEUTRAL ATMOSPHERE 
The n e u t r a l  atmosphere c l a s s i c a l l y  is divided i n t o  regions 
i n  accordance w i t h  the v a r i a t i o n  of temperature w i t h  a l t i t u d e .  
The a l t i t u d e  dependence of temperature is represented for  
average daytime conditions' i n  Fig. la.  
found i n  s i g n i f i c a n t  abundance only above 50 km. 
the regions of the n e u t r a l  atmosphere tha t  are of major i n t e r e s t  
Free e l e c t r o n s  are 
Consequently, 
S 
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to the ionosphericist are the mesosphere, which lies between 
the temperature maximum at 50 km and the minimum near 85 km, 
and the thermosphere (above 85 km). 
. 
from rocket-borne pressure gages and by sound-velocity 
experiments using rocket-borne grenades. TheseLdata show that 
The large increase of temperature in the lower thermosphere is 
due principally to the absorption of solar ultraviolet radiation. 
Heat conduction keeps the temperature nearly coaskant above 
600 km2. Thermospheric temperatures have been deduced mainly 
from atmospheric density measured by use of gages flown on 
rockets3 and satellites485 and indirectly by studying satellite 
orbital decay . 
the most important parameter of the neutral atmosphere is its 
composition. An average percentage distribution of the major 
constituents is presented' as a function of altitude in Fig. lb. 
Below 100 km, mixing controls the relative abundance of the 
neutral constituents and consequently molecular oxygen and 
nitrogen predominate. 
oxygen takes place as a result of the absorption of ultraviolet 
radiation by 02. 
and the constituents are in diffusive equilibrium,' each component 
being distributed independently of the others. 
of the constituents can be calculated theoretically from the 
hydrostatic equation using an assumed altitude for diffusive 
separation and assumed atmospheric temperatures. 
In Fig. lb, it is shown that the molecular constituents 
diminish in importance with increasing altitude so that atomic 
oxygen dominates the atmosphere at 500 km. 
lighter gases become important. 
atmospheric drag on the GCBD I satellite, it  was believed that 
-. A 
Mesospheric temperatures have been deduced principally ,- 
the mesosphere exhibits large latitudinal and seasonal variations. 1 
s 
. *  
: 
6 
From the standpoint of theories of formation of the ionosphere, 
Above this altitude, dissociation of atomic 
At the higher altitude mixing becomes unimportant 
The distribution 
Above 500 km, the 
Up until an analysis of 
9 
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t he re  is a t r a n s i t i o n  d i r e c t l y  from an oxygen t o  a hydrogen 
atmosphere. 
ex is tence  of an intervening helium layer .  The importance of 
peu t ra l  helium a t  t he  higher a l t i t u d e s  was f i rs t -Gonfirmed 
by mass spectroscopy on the Explorer 17 s a t e l l i t e ,  some t i m e  
after ionized  helium had been detected f r o m  rocket 
s a t e l l i t e ”  experiments. 
helium region should be a s t r o n g  funct ion of atmospheric 
$emperature”. 
;hean molecular weight a s  a funct ion of a l t i t u d e  for  the d iur&l  
and s o l a r  cycle extremes12. 
diminishingly t h i n ,  f o r  example, a t  night  durin$?the year of 
However, ‘ t h i s  analysis’ first suggested the  
5 
.: . 
9 and 
The thickness and a l t i t u d e  of the 
This is reflected i n  the graphs *.(Fig. 2a) of 
The region is bel ieved t o  be ;, : 
minimum s o l a r  a c t i v i t y .  I. 
t . The s t r u c t u r a l  behavior of the atmosphere shown in Figs. 
l b ’and  2a has been in fe r r ed  pr inc ipa l ly  f r o m  t o t a l  d e n s i t y  
measurements us ing  rocket-borne gages and analyses  of satel l i te  
drag. Early rocket-borne mass spectro~neters’~’  q u a l i t a t i v e l y  ’ 
es t ab l i shed  tha t  d i f fus ive  equilibrium con t ro l s  t he  composition 
a t  t he  higher a l t i t u d e s .  However, w i t h  t he  e a r l y  experiments 
was assoc ia ted  a high probability of e r r o r s  due t o  sur face  
qecombination w i t h i n  t h e  instruments. Consequently, it has 
been only i n  t he  l a s t  year that  quant i ta t ive ly  s i g n i f i c a n t  
- t; 
measurements of the 0/02 and O/Nz r a t i o s  were obtained by direct 
sampling. 5,14,15 
Satel l i te  drag observat ions show t h a t  t h e  temperature and 
dens i ty  of the isothermal  region of t h e  thermosphere v a r i e s  
considerably with t i m e  of day and with t h e  11-year s o l a r  cyc le  
(Figs.  2b and 23. The f i v e  curves” i n  Figs. 2b and 2c a r e  for 
d i f f e r e n t  l e v e l s  of s o l a r  a c t i v i t y ,  an index of which is t h e  
10.7 cm f l u x  (S) measured a t  t h e  ear th’s  surface. Values for S 
range from 70 a t  sunspot minimum t o  250 x 
dur ing  t h e  year of maximumsolar activity. 
w d2. (cps)” 
. 
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.I .: THE NORMAL D REGION 
The D region,  which occupies approximately t h e  same 
a l t i t u d e  i n t e r v a l  as the mesosphere (50-85 km), is t h e  l o w e s t  
region where a s i g n i f i c a n t  number of free e l ec t rons  a found. 
H e r e ,  t h e  r e l a t i v e l y  dense atmosphere r e s u l t s ' g n  a high frequency 
of c o l l i s i o n s  between the  e lec t rons  and the n e u t r a l  cons t i t uen t s .  
Consequently, there is a high probabi l i ty  t h a t  electromagnetic 
energy which has been t ransfer red  t o  the e l e c t r o n s  w i l l  be lost  
i r r e t r i e v a b l y  i n  these co l l i s ions .  Thus, the  D region acts as 
an absorber of radio waves and f r o m  t h i s  s tandpoint  is the  m o s t  
important ionospheric subdivision. Y e t  it is t h e  least s tud ied  
experimentally,  p r i m a r i l y  f o r  two reasons: (a) the d i f f i c u l t y  
of devis ing experiments which are v a l i d  i n  such a weakly ionized 
medium and (b) the t r end  on the par t  of m o s t  i onosphe r i c i s t s  
t o  perform the  more esoteric sa te l l i t e  experiments in t h e  upper 
ionosphere. 
In t h i s  s ec t ion ,  w e  shal l  discuss  only the  '*normal*' D 
region cons t ra in ing  t h e  conditions geographically t o  m i d -  
l a t i t u d e s  and temporally to t i m e s  free of solar f lare  effects. 
It wasn't u n t i l  q u i t e  recent ly  t h a t  even a preliminary model 
fo r  t h e  a l t i t u d e  d i s t r i b u t i o n  of e l ec t rons  i n  the  normal D region 
has evolved, despi te  the  fact t h a t  the region is accessible 
w i t h  r e l a t i v e l y  inexpensive rockets. 
use of the conventional ground-based ionosondes. However, break- 
throughs have been accomplished as a r e s u l t  of the  development 
of more complex ground-based radio propagation experiments. 
However, one common denominator of ground-based methods is t h a t  
t he  a l t i t u d e  dependence of e lec t ron  dens i ty  (Ne) is ex t r ac t ed  
f r o m  t h e  data only by assuming an e l e c t r o n  c o l l i s i o n  frequency 
(v) profile s i n c e  both Ne and v simultaneously affect the  measured 
'.a: 
- r  
The normal D region abundance is too l o w  t o  permit study by 
16,17 
radio propagation phenomena. On the  other hand a collabora- 
t i v e  effort on the  p a r t  of a team of Goddard and Scandinavian 
i n v e s t i g a t o r s  
transmission of radio s i g n a l s  from t h e  ground t o  rocket-borne 
rece ivers .  The in-s i tu  recept ion featured by these complex 
experiments permits unique separation of Ne and u w i t h  adequate 
s e n s i t i v i t i e s  f o r  t h e  l o w  d e n s i t i e s  found i n  t h e  normal D region. 
ground-based observations t o  generate an  average Ne p r o f i l e  
for  t h e  normal daytime D region (Curve A). This p r o f i l e  is only 
one of the  important pieces of information required t o  expla in  
h o w  t h e  region is formed. To complete  t h e  t a s k  requi res  tha-t 
one relates Ne t o  t h e  competit ion between e l ec t ron  production 
and loss for  each discrete a l t i t ude .  
l9 has r e su l t ed  i n  novel experiments involving 
In Fig. 3, we have combined t h e  f e w  ava i l ab le  rocket and 
Electron production (9) can be computed from a bowledge of 
iL--"='- ..=-+ljbj GZ ~ 2 2  f o ~ i z i ~ g  radfaziorr, (b) t k e  dessity of 
$he ion izable  cons t i t uen t s  responsive t o  t h i s  r ad ia t ion  and (c) . 
the  absorpt ion cross-sections of t h e  ion izable  cons t i tuents .  
The problem of est imat ing q is complex because the cross-section 
of each individual  cons t i tuent  is a d i f f e r e n t  func t ion  of wave- 
length i f  solar r ad ia t ion  is the  ionizing source o r  of e l e c t r o n  
or proton energy fo r  t h e  case of corpuscular rad ia t ion .  
through d i s soc ia t ive  recombination of e lec t rons  w i t h  p o s i t i v e  
ions  leading t o  an excited but neut ra l  cons t i tuent .  To estimate 
e l e c t r o n  loss requi res  a knowledge of t he  recombination rates 
which are d i f f e r e n t  fo r  each i o n  species. 
In the  D region,  e l ec t ron  loss is believed t o  occur mainly 
As a r e s u l t  mainly of rocket measurements of solar r a d i a t i o n ,  - 
theoretical models2*'narrow t h e  sources of the normal D region 
t o  three individual  or  combined possibilities. It genera l ly  is 
accepted tha t  t h e  lower pa r t  (50-70 km) is produced by the  
a c t i o n  of cosmic r ays  on the pr incipal  n e u t r a l  cons t i t uen t s  
(02 and N2). If so, t h i s  region should show a s t rong  l a t i t u d e  
dependence. There is some disagreement as t o  the  r e l a t i v e  roles 
of t h e  remaining two sources i n  i on iz ing  the  upper part of t he  
e 
I -  
-+ 
I 
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D region. 
and N2 by 2 - 8 Angstrom X-rays, an extremely variable source 
ior a flareless sun). 
radiation (1216A), the only ultxaviolet source f& which there 
is a favorable cross-section and which by rocket;'fests has been 
observed to peaetrate into the I) region. 
source measured in a few ergs cmo3seco1 acts only upon a trace 
constituent, nitric oxide. Rocket and satellite.measurements. 
indicate that the X-ray fluxes at the extremes of the solar 
cycle vary by more than two orders of magnitude," Therefore, 
the relative importance of X-rays and Lyman alpha radiation to 
the formation of the normalD region may depend on position in 
the solar cycle. 
There have been few spacef l ight  input-output experiments 
where the ionization source and the ionization characteristics 
have been simultaneously measured. According to some observers . 
Here, one possibility involves the ionization of O2 
with a very low intensity (not exceeding erk cm -3 sec -1 
The other possibility is Lyman alpha 
1 
This stable but intense 
t r  
i '  
a ,  
? 
18 
who measured Ne on a rocket simultaneously with Lyman alpha flux, 
X-radiation can be ruled out as a significant source of the 
normal D region at least for the minimum of the solar cycle. 
To be certain of the relative importance of these two sources at 
all times, we desperately need laboratory investigations which 
can resolve existing uncertainties in our knowledge of the 
absorption cross-sections and recombination rates. 
* 
An important tool in ionospheric research is the ion 
spectrometer, a very difficult experiment to carry out in the D 
region - so difficult that it has been carried out only once 
and this during the last year. Other than possible contaminants 
borne aloft by the rocket, the major ionic constituent observed 
below 83 km was NOc. This observation supports the Lyman alpha 
hypothesis but does not rule out, a priori, ionization by 
X-radiation because of.the possibility of ion-molecule interaction. 
For example, 02+ produced directly by' X-rays can react with an, 
22 
23 
c 
c 
. .  . .  . :I 
1. 
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+ N molecule t o  form an NO ion and an NO molecule. Thus, 
u n t i l  t h e  var ious reac t ion  r a t e s  are b e t t e r  known, t he  ion 
spectrometer  observat ion does not permit a choisg between the  
Lyman a lpha  o r  t h e  X-ray hypothesis. 
SPECIAL D REGION EVENTS 
e lec t ron  abundance by up to more than two orders 'of magnitude 
w i t h  assoc ia ted  electromagnetic wave a t tenuat ion  s t rong  enough 
t o  produce r ad io  blackouts. 
of a s o l a r  f lare,  increased absorption is observed i n  the  D 
region on t he  s u n l i t  s i d e  of the  ea r th  f o r  per iods l a s t i n g  up 
t o  approximately one hour. 
sudden ionospheric dis turbances (S.1 ,I),) were not es tab l i shed  
u n t i l  
during the course of a flare and observed enhanced X-ray 
a c t i v i t y  pene t ra t ing  as  low a s  30 km. 24 The dominant r o l e  of 
s o l a r  X-rays i n  t h e  production of S.I.D.'s has been confirmed 
by c o r r e l a t i n g  v i s i b l e  flares with s a t e l l i t e  observat ions of 
21 enhanced X-ray fluxes and w i t h  increased r ad io  absorption. 
An order of magnitude increase i n  D region ion iza t ion  during an 
2 
. 
c .\' . 
. .  -  
There are many phenomena which can enhancetthe D region 
., 
Simultaneously with t h e  appearance ' ,  .. 
> 
The causat ive mechaglsms f o r  these 
inves t iga to r s  accura te ly  timed rocket  ' Iaunchings 
1' 
S. I ,De has been measured w i t h  ground-based techniques''. (Curve B 
20 of Fig. 3) and estimated theore t ica l ly .  
A t  high l a t i t u d e s ,  enhanced radio absorpt ion occurs during 
auroras This-  is a t t r i b u t a b l e  to enhanced ion iza t ion  r e s u l t i n g  
from direct and i n d i r e c t  (bremsstrahlung) e f f e c t s  of p r e c i p i t a t i n g  
energe t ic  e lec t rons .  23 
increase  i n  e l ec t ron  dens i ty  has been obtained" by t iming rocket  
f l i g h t s  t o  occur during such auroral  absorpt ion events  (Curve C 
of Fig,  3). 
a u r o r a l  zone and has been correlated w i t h  s a t e l l i t e  measurements 
of enhanced energe t ic  proton fluxes during c e r t a i n  types  of solar 
f l a r e s .  
e l e c t r o n  d e n s i t i e s  during such polar cap absorpt ion events  . 
Evidence fo r  up t o  a two order of magnitude 
Another type of absorption takes  place above t h e  
25 
There has been one rocket measuyementZ6 of enhanced 
. 
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(Curve I) of Fig. 3). z -.. .. 
Increased r ad io  absorption not assoc ia ted  wi th  s o l a r  
f lares  is o f t e n  observed i n  t h e  win te r  a t  middJe l a t i t u d e s .  
The causes  of these events are uncertain.  It 6 
from ground-based observations'6 t h a t  these ar$ associated w i t h  
i nc reases  i n  e l e c t r o n  density. However, absorRtaon may also 
be d assoc ia ted  w i t h  changes in e lec t ron  c o l l i s i i n  -frequency. 
S ign i f i can t  changes i n  v have been correlated d i t h  measured 
pressure v a r i a t i o n s  in the s t ra tosphere  a s  a result  of two 
rocket f l i g h t s  during which the  measured e l ec t ron  densities were 
approximately the  same, thus suggesting a meteorological inf luence  
on t h e  D region. + 
1 -  
TIE E REGION . 
' ,  
d e t a i l i n g  t h e  temporal and l a t i t u d i n a l  var ia t+ons  of t he  maximum 
amqunt of i o n i z a t i o n  found i n  the 'E  and F regions,  the important 
al-ljitude variation of Ne have come about a s  a r e s u l t  of rocket 
probing u s i n  
experiments. 
from such measurements a r e  presented i n  Fig. 4 .  
a t - n i g h t  t h e  D region e s s e n t i a l l y  disappears ,  t he  E region 
e l ec t ron  abundance has decreased by a hundredfold but  t h a t  there 
is a s t r o n g  pe r s i s t ence  of the upper F region. 
our understanding of the phys ics  of the  ionosphere have come about # 
as a r e s u l t  of v e r t i c a l  cross-sections taken of the i n t e n s i t y  of 
s o l a r  r ad ia t ion31  and of i o n i c  COmpOSitiOn. 32,33 
work31, solar  r a d i a t i o n  measurements have been used together  
w i t h  a model n e u t r a l  atmosphere t o  estimate t h e  a l t i t u d e  dependence 
of (a) e l e c t r o n  production r a t e  for discrete por t ions  of the  X-ray 
and u l t r a v i o l e t  spectra (Fig. 5a) and (b) the rate of production 
of each of the  i o n  spec ies . (F ig .  5b). W e  see t h a t  t he  ions  
been suggested 
A'- 
. 
18 
Although ground-based ionosondes have been valuable  i n  
both radio propagation 27328 and plasma probe 
S p i c a 1  day and night  Ne profiles composed 59,3* 
These show that 
I n  add i t ion  t o  Ne measurements, s i g n i f i c a n t  cont r ibu t ions  t o  
I n  an important 
, . , i
+ formed a t  the  highest rate are O2 , N2+ and Of, 
~ b s e r v a t i o n s ~ ~  t y p i c a l l y  represented i n  Fig. 5c, 
j&zsz ie-dc cGatP*Qet* band, s h w  "&a* 2g2+ fs 
* 
Spectrometer 
on the other I 
despite tae 
. 
-,--.'" ,-- -e--- . - . - -~ 
~ - -  
'+ 
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predic ted  high production r a t e ,  They a l s o  show t h a t  XO+ is a 
dominant E region cons t i tuent  even though it is not s i g n i f i c a n t l y  
produced by direct ionizat ion.  
of Nz+ t o  t h e  combined e f f e c t s  of d i s soc ia t ive  "recombination 
The ex is tence  of NO 
' _. 
Most models34 a t t r i b u t e  the loss 
+> --.- 
.-. 2 "  
w i t h  e l ec t rons  and of ion-atom interchange (Nz :.+io - NO+ + N). 
change involving N2' and 0 + . + genera l ly  lis explained by ion-atom inter- 
_. It  should be apparent t h a t  our understanding of t h e  
formation of t h e  daytime E region has  been vas t fy  improved by. 
t h e  above descr ibed rocket  measurements- 
considerably as t o  even the  r e l a t i v e  importance'Tof X-ray and 
u i i r a v i o l e t  r ad ia t ion  i n  t h e  E region. 
of t he  var ious  rate coefficients and addi t iona l '  rocket  f l i g h t s  
a r e  needed t o  reso lve  these differences-  
made s e n s i t i v e  enough Por extensive s t u d i e s  of t h e  nighttime E 
-. "6 
Yet, :4odels  do d isagree  
.#- i , -  
Laboratory measurements 
t; 
I t  wasn't u n t i l  q u i t e  recent ly  t h a t  rocket experiments w e r e  
region. I n  Fig. 4 - ,  it is shown tha t  Ne drops below 10 3 cmo3 
and t h a t  the reg ion  is character ized by a ledge a t  about 100-110 km' 
w i t h  a va l ley  of ion iza t ion  just above, 
comparison of t h e  r e s u l t s  from ion spectrometers flown both 
during t h e  day and for t h e  first time a t  night  t h a t  t h e  maintenance 
of t h e  night t ime E r e g i o n - i s  explained by slow decay through 
d i s s o c i a t i v e  recombination without r e s o r t  t o  a nighttime source 
of ionizat ion.  There also is experimental evidence from rockets  
f o r  me ta l l i c  i ons  of meteoric or ig in  i n  t h e  100-110 km region, 
It  is suggested33 by a 
A f requent  anomaly of t h e  E region is sporadic  E or Es 
ion iza t ion .  
i n  which Ne is considerably higher than the region immedi-tely 
below and above, leading t o  r e f l e c t i o n  of rad io  s i g n a l s  a t  (Fig. 6 )  
abnormally high frequencies-  These l a y e r s  e x i s t  a t  p refer red  
a l t i t udes35  i n  the region 100-120 Irm. 
One common form of Es is a layer  a s  t h i n  as 0.5 km 
Some theories36 expla in  
Es i on iza t ion  as the  r e s u l t  of t h e  combined effects of wind shear 
and electromagnetic forces. A cor re l a t ion  has been $found between 
. .  
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wind shea r  measured on one rocket carrying a sodiun vapor 
release experiment and Zs ion iza t ion  detected on a second rocket 
,launched almost s i , ~ u l t a n e o u s l y ? ~  Bowever, t h e  exact  r e l a t i o n s h i p  
'between Es i on iza t ion  and wind shear is xzot c l e a r ' a t  t h i s  fine. 
. .  
;. ' 
F REGIOX 
As shown i n  Fig. 4, the F region contains &e altitude of 
The region is &$divided into 
<- 
.)I 
maximum e l e c t r o n  dens i ty  (Nm). 
t h e  F1 and F2 regions because a ledge o f t e n  appears i n  t h e  
&ytime 140-200 k m  region. 
It is important t o  note  by comparing Figs. 4 and 5a tha t  
t h e  a l t i t u d e  of m a x i m u m  e l ec t ron  density l ies  w e l l  above t h e  
height  of naximum eleceron production. These rocket  results 
confirm previously established t h e o r e t i c a l  models which ascribe 
t h e  formation of the  F2 peak to charge t r anspor t  mechanisms of 
importance comparable t o  photochemical processes. 
these models a s c r i b e  t h e  F2 peak formation t o  the competition 
between e l e c t r o n  production, a height dependent decrease i n  
electron l o s s  r a t e  and charge t ransport .  
(see Fig. 5 )  show t h a t  t he  o r i g i n  of F region e l ec t rons  l i e s  
p r i n c i p a l l y  i n  t h e  production of 0 ions  by s o l a r  u l t r a v i o l e t  
r ad ia t ion .  
r a d i a t i v e  recornbination, a two-step process involving f i r s t l y  
ion-atom interchange between Of ions and Nz molecules and 
secondly recombination of t h e  r e s u l t i n g  NO+ i ons  w i t h  electrons. 
The s lowness  of t h i s  two-step process is a p a r t i a l  explanation 
for  t h e  s t r o n g  pers i s tence  of the n igh t t ime  F region. 
p o s s i b i l i t y  t h a t  t he  e l ec t ron  loss ra te  decreases  more r ap id ly  
w i t h  a l t i t u d e  than the production rate is an explanation for 
t h e  experimental observations that N- lies above the altitude 
of maximu  production. 
Spec i f i ca l ly ,  
The rocket s o l a r  r a d i a t i o n  and ion  composition measurements 
+ 
The dominant F region loss process is bel ieved t o  be 
The ' 
I 
i 
t 
i 
. '  
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Because photochemical, g rav i t a t iona l  and electromagnetic 
f o r c e s  a l l  are e f f e c t i v e ,  t h e  behavior of t h e  F region is 
extremely complicated. Ionosonde data  taken over the l a s t  
three decades show that the  diurnal  seasonal ,  s o l a r  cyc le  and 
l a t i t u d e  effects each produce large v a r i a t i o n s  in the  magnitude 
These observations have been related to and a l t i t u d e  of Nm, 
% time-dependent n e u t r a l  atmospheres deduced f rom*-satellite drag 
34 
-.  
measurements (Fig. 2) to est imate  ion iza t ion ,  loss and d i f f u s i o n  
37,38 ,- 
r a t e s .  . . 
As t he  dens i ty  of t h e  neu t r a l  cons t i t uen t s  decrease, the 
importance of photochemical processes diminish. Thus, charge 
t r a n s p o r t  processes become dominant and b r i n g  about t h e  observed 
decrease of Ne w i t h  alti.t;ude, 
d c t  upon t h e  ions  which, by coulomb a t t r a c t i o n ,  cause the  electrons 
t o  d i f f u s e  downward. 
invoked and t h e  elecixon d i s t r i b u t i o n  is cont ro l led  by the average 
electron-ion temperature and the type of ion. 
it w a s  bel ieved t h a t  a t r a n s i t i o n  takes p lace  from O+ ions 
experiments ind ica ted  t h a t  a region of helium ions  separated 
these regions i n  t he  daytime during t h e  middle of the  solar  cycle. 
Subsequent rocket results3’ suggest t h a t  t h e  helium ion  region 
disappears  a t  n ight ,  It had been predicted” on t h e  b a s i s  of 
the  d i f f e r e n t  behavior of t h e  escape r a t e s  of hydrogen and helium 
t h a t  both the a l t i t u d e  and thickness of t h e  helium ion  reg ion  
would diminish w i t h  decreasing temperature, implying a s t r o n g  
l a t i t u d i n a l  and s o l a r  cyc le  dependency, 
The role of charged p a r t i c l e  temperatures and of i o n i c  
composition i n  c o n t r o l l i n g  the  ionosphere is i l lus t ra ted  by 
rocket measurements of charged particle dens i ty  taken O G ~  t o  
very high  a l t i t u d e s  and presented i n  Fig, 7 ,  
Gravi ta t iona l  forces, for example, 
In t h i s  case, t h e  hydros t a t i c  law can be 
Before rockets and satel l i tes  penetrated t h e  upper ionosphere, 
d i r e c t l y  i n t o  t h e  protonosphere. However, rocket’ and sa te l l i t e  10 
Bothsa  daytime and 
* .I . -  
.A . 
A 
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a n i g h t t i m e  r e s u l t  a r e  i l l u s t r a t e d .  The exponential  port ions 
of both prof i les  provide evidence for  a constant  electron-ion 
temperature throughout the  region w i t h  values of 1300° and 
800°K, respec t ive ly .  The change of slope i n  both’cases is 
i n t e r p r e t e d  as the r e s u l t  of a t r a n s i t i o n  from’Q . t o  l i gh te r  
ions,  He+ being dominant above t h i s  t r a n s i t i o n  for  the daytime 
case but H+ dominant a t  night .  
a l t i t u d e  of the t r a n s i t i o n  and the  r e l a t i v e l y  high importance 
of 
t h e  nighttime d e n s i t i e s  exceed those measured i n  the daytime: 
T h i s  may not  be representa t ive  of a t r u e  d i u r n i i  v a r i a t i o n  
because the t w o  sets of data w e r e  obtained i n  d i f f e r e n t  days. 
SATELLITE STUDIES 
Three d i f f e r e n t  types of satell i tes have been used f o r  
ionospheric research each performing a d i f f e r e n t  tpsk .  With 
Direct Measurements S a t e l l i t e s ,  one uses environmental sampling 
techniques t o  measure many ionospheric parameters, but only i n  
t h e  immediate v i c i n i t y  of t h e  spacecraf t .  The US Satell i te 
EXPLORER V I 1 1  and t h e  B r i t i s h  Sa te l l i t e  ARIEL I each contained 
three maj.or experiments for  such s tudies .  The first of these 
measures e l e c t r o n  temperature by techniques s i m i l a r  t o  those 
developed by Langmuir i n  h i s  laboratory s t u d i e s  of gaseous 
discharges.  The second measures t h e  local e l ec t ron  densi ty  
by use of the  radio-frequency impedance c h a r a c t e r i s t i c  of a . 
probe immersed in t he  m e d i u m .  The t h i r d  t y p e  of experiment 
involves the  use of gridded ion t r aps  whose p r inc ip l e  of 
operat ion is s imi la r  t o  that  flown on S P I T N I X  111. B e r e ,  t h e  
high sa t e l l i t e - to - ion  ve loc i ty  permits t h e  t r a p  t o  act a s  a 
poor man’s ion spectrometer such tha t  both ion  composition and 
temperature are obtained. 
!A+ 
- 
It is seen t h a t  t h e  l o w e r  
causes the su rp r i s ing  r e s u l t  t h a t  a t  very high a l t i t u d e s  
i 
10 
The second category of sa te l l i t e  ( topside sounding) 
involves  t h e  ingenious use of an orb i t ing  ionosonde. As with 
t h e  classical tool of ground-based ionospheric research, one 
t 
i 
measures t h e  t i m e  between transmission of a radio s i g n a l  t o  
recept ion  of t h e  reflected echo. For t h e  s a t e l l i t e  case t h e  
r e f l e c t i o n  is f r o m  t he  topside of t h e  ionosphere. By sweeping 
t h e  t ransmi t ted  frequency, an e lec t ron  densi ty  p r o f i l e  f o r  t h e  
region between t h e  F2 maximum and the  s a t e l l i t e ' * @ l t i t u d e  is 
of t h e  upper ionospheric regions have been made+in a near  
b l a r  orbi t  for ' two years  w i t h  t h e  Canadian S a t e l l i t e  ALOUETTE I, 
which f e a t u r e s  a swept-f requency sounder. 
frequency device,  one obta ins  good a l t i t u d e  reso lu t ion .  The: 
recently-launched US EXPLORER XX f e a t u r e s  fixed-frequency 
sounding where v e r t i c a l  resolut ion is sacrificed so as t o  
better s tudy hor izonta l  i r r e g u l a r i t i e s .  
a t  t h e  e a r t h ' s  sur face  of t h e  a r r i v a l  c h a r a c t e r i s t i c s  of radio 
s i g n a l s  t ransmit ted f r o m  t h e  spacecraf t  a t  f requencies  which 
pene t ra te  t h e  ionosphere. 
phenomena permit t h e  measurement of t h e  to ta l  electron content 
i n  a cross-section between t h e  s a t e l l i t e  and t h e  receiving 
s i te .  
is Explorer XXII, launched too recently f o r  r e s u l t s  t o  be 
reported here. 
i 
'measured continuously along t h e  s a t e l l i t e ' s  patbi- Soundings 
' * -  
-, 
With"'a swept- 
The t h i r d  type of s a t e l l i t e  observation involves t h e  study 
Faraday r o t a t i o n  and doppler 
The first sa t e l l i t e  exclusively devoted to  t h i s  method 
SATELLITE RESULTS 
The major r e s u l t s  t h a t  have come f r o m  sa te l l i t e  s t u d i e s  
l i e  i n  the  unique observations of t h e  l a t i t u d i n a l  and diu'rnal 
behavior of t h e  regions above t h e  F2 peak and of magnetic- 
f i e l d  a l igned i r r e g u l a r i t i e s .  
d e n s i t i e s  f i r s t  came about f r o m  t h e  use of ground-based ionosondes, 
which s i n c e  have provided d e t a i l s  of t he  bottomside character-  
ist ics of the  now f a m i l i a r  equator ia l  anomaly. The morphology 
of t h i s  anomaly has  now been obtained to a l t i t u d e s  Of about 1000 
km. In  Fig.  8 are presented r e su l t s4 I  from t h e  Alouette 
satel l i te  of e l e c t r o n  dens i ty  as a funct ion of magnezic d i p  
Evidence for  magnetic f i e l d  con t ro l  of ionospheric e l e c t r o n  
f o r  discrete a l t i t u d e s .  These r e s u l t s  s p e c i f i c a l l y  a r e  f o r  
t h e  eas t e rn  hemisphere a t  1000 local t i m e .  A general  increase 
of e l ec t ron  densi ty  i n  t h e  equator ia l  regions r e s u l t s  f r o m  
d i f fus ion  along the near ly  horizontal  magnetic f i e l d  l i n e s .  
For the p a r t i c u l a r  t i m e  of day i l l u s t r a t e d ,  t he  e l ec t ron  
dens i ty  reaches a maximum a t  the  geomagnetic equator f o r  
a l t i t u d e s  above about 600 km. Below t h i s  a l t i t u d e ,  t w o  peaks 
are symmetrically located along a s p e c i f i c  f i e l d  l i n e .  The 
equa to r i a l  anomaly is predominantly a daytime f e a t u r e  of the 
ionosphere. The a l t i t u d e  above which only a s i n g l e  peak is 
formed has  been termed the  "dome" of the  anomaly. The a l t i t u d e  
of t h e  dime over Singapore va r i e s  from 600 km i n  t h e  e a r l y  
morning and evening hours t o  a mid-afternoon maximum of about 
1000 km. 
bu i lds  up la te r  i n  the day along t h e  75th West bieridian.  The 
d iu rna l  behavior of the equator ia l  anomaly suggests  t h a t  its 
characteristics are c lose ly  r e l a t ed  t o  t h e  competit ion between 
e l e c t r o n  production which tends t o  maximize Ne a t  t h e  sub- 
solar  point  and d i f fus ion  along magnetic f i e l d  l i n e s  which 
tends t o  produce a symmetrical Ne 
geomagnetic equator.  
Another l a t i t u d e  f ea tu re  of t h e  topside ionosphere a r e  
e l ec t ron  dens i ty  troughs which appear t o  be a common phenomenon 
a t  middle l a t i t u d e s  during ionospheric storms associated w i t h  
magnetic disturbances.  This is i l l u s t r a t e d  by Fig.  9,  a p l o t  
of Alouette sa te l l i t e  m e a s u r e ~ n e n t s ~ ~  of the frequency of 
Similar  r n e a ~ u r e m e n t s ~ ~  uggest t h a t  t he  anomaly 41 
d i s t r i b u t i o n  about the  
0 
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West Longitude, the trough is less than 5O w i d e  and centered 
a t  45ON. 
w a s  first i n f e r r e d  from e lec t ron  d e n s i t i e s  measured w i t h  an rf 
probe on the ARIEL satel l i te .43 
i n f e r r e d  the ex is tence  of enhanced ion iza t ion  ly ing  along t h r e e  
s p e c i f i c  magnetic f i e l d  s h e l l s ,  one of which is accounted for  
by the above-described equa to r i a l  anomaly. 
Evidence fo r  s t rong  magnetic control  of t h e  upper ionosphere 
From these observat ions w a s  
The ex is tence  of 
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these she l l s  of enhanced ion iza t ions  w e r e  confirmed and others 
discovered by t h e  ALOUETTE s a t e l l i t e .  41 
been associated w i t h  t h e  American a r t i f i c i a l  r a d i a t i o n  be l t ,  
t h e  heart of the  inne r  r ad ia t ion  be l t  and near  the reg ion  of 
maximum f l u x  of e n e r g e t i c  p a r t i c l e s  i n  t h e  o u t e r  r a d i a t i o n  b e l t ,  
. All of these observa t ions  suggest t h a t  i o n i z a t i o n  by f a s t  
particles should now be considered along w i t h  u l t r a v i o l e t  
r a d i a t i o n  as an i o n i z a t i o n  source fo r  the F2 region.  
cond i t ion ,  where t h e  reg ion  shows a d i f f u s e  c h a r a c t e r  g e n e r a l l y  
a t t r i b u t e d  t o  patches of ion iza t ion  having concen t r a t ions  
d i f f e r e n t  than  the immediate surroundings. An ALOUETTE s a t e l l i t e  
ionogram t y p i c a l  of a homogeneous ionosphere is presented i n  
Fig.  10 ,  the  t w o  traces corresponding t o  the  ord inary  and extra- 
o rd ina ry  modes of radio-propagation. The e f f e c t i v e n e s s  of 
spread-F i n  producing mul t ip l e  echoes is i l l u s t r a t e d  by comparing 
t h i s  ionogram with t h a t  shown i n  Fig.  11 which was taken  dur ing  
spread-F cond i t ions .  
has  been the  s u b j e c t  of a thorough a n a l y s i s  w i t h  t h e  ALOUETTE 
s a t e l l i t e .  
ionosonde s t u d i e s  which showed t h a t  t he  phenomenon is almost 
a permanent f e a t u r e  of t h e  high l a t i t u d e  ionosphere,  occurs  
only during t h e  n igh t  near  t he  equator  and t h a t  it occurs  
r e l a t i v e l y  seldom a t  m i d - l a t i t u d e s .  
d e n s i t y  is not  a s t r o n g  func t ion  of magnetic l a t i t u d e  between 
about 15 and 45ON geographic l a t i t u d e .  
expect  t h a t  an important charge t r a n s p o r t  mechanism is due t o  
g r a v i t y  i n  which case t h e  e l e c t r o n  d i s t r i b u t i o n  is a s t r o n g  
f u n c t i o n  of the  mean i o n i c  mass and the  average e lec t ron- ion  
temperature .  The d i u r n a l  v a r i a t i o n  of the e l e c t r o n  
d i s t r i b u t i o n  i n  t h i s  region has been s tudied45 by t h e  use  of 
the  AIDUETTE satel l i te .  (Fig.  12). These s t u d i e s  have shown t h e  
Sone of these have 
A very common anomaly of the  F reg ion  is t h e  "spread F" 
The occurrence p r o b a b i l i t y  of spread-F 
T h i s  ana lys i s44  c o n f i r m s  previous ground-based 
Refer r ing  back t o  Fig.  9 ,  w e  observe t h a t  the e l e c t r o n  
In t h i s  reg ion ,  w e  can 
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amplitude of t h e  d iurna l  var ia t ion  becomes smaller  w i t h  
increasing a l t i t u d e .  
on t h e  rocket r e s u l t s  shown i n  Fig. 7 t h a t  because of t he  
increased r e l a t i v e  importance of t h e  l i g h t  i o n i c  cons t i tuents ,  
t h e  e l e c t r o n  d e n s i t i e s  above 1000 km a t  night  a r e  higher than 
fo r  a daytime condition, 
Fig. 12 have been treated in terms of i o n i c  composition and 
charged p a r t i c l e  temperature, one possible reSu1t being t h a t  
f o r  daytime a t  500 km t h e  pr inc ipa l  ion is O+ w i t h  an average 
eleetron-ion temperature of about 1500°K, whiIe  a t  night  t h e  
l i g h t e r  i o n i c  cons t i t uen t s  become important even a t  a l t i t u d e s  
as low as  500 km. 
CHARGED PARTICLE TEMPERATURES I N  THE UPPER IOXOSPHEIIE 
T h i s  would confirm a conclusion based 
The diurna l  v a r i a t i o n  shown i n  
45 
Because e l e c t r o n  (T,) and ion (Ti) temperatures are 
. important t o  t h e  behavior pa r t i cu la r ly  of the  region above 
300 km, it is important t o  perform experimental observations 
of these parameters. Upon t h e i r  c r ea t ion ,  photoelectrons w i l l  
possess energies  i n  excess of t h e  ambient e lec t rons ,  They 
attempt t o  share t h i s  excess energy w i t h  t h e  ambient e l ec t rons  
either by direct elastic c o l l i s i o n s  or af te r  some of the  
excess  energy has been l o s t  through previous i n e l a s t i c  c o l l i s i o n s  
w i t h  t he  ambient n e u t r a l  p a r t i c l e s  or pos i t i ve  ions.  
there is a tendency fo r  the  ambient e l ec t ron  gas t o  be h o t t e r  
than  t h e  n e u t r a l  gas, a t  least i n  t h e  daytime. It general ly  
is accepted t h a t  a t  t h e  lower a l t i t u d e s  where t h e  n e u t r a l  gas 
A s  a r e s u l t ,  
dens i ty  is r e l a t i v e l y  high, the  ion and n e u t r a l  gas temperatures 
w i l l  be iden t i ca l .  A t  t h e  higher a l t i t u d e  where the  percentage 
ion iza t ion  is becoming appreciable ,  there is a p o s s i b i l i t y  t ha t  
t h e  ions  are i n  better thermal contact  w i t h  e l ec t rons  than w i t h  
t he  n e u t r a l  p a r t i c l e s  and consequently the ion temperature 
eaa be elevated above t h e  neut ra l  gas  temperature. 46 
Ueasurements made w i t h  the EXPLORER VI11 sa te l l i t e  ffrst 
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i n d i c a t e d  a strong: d i u r n a l  c o n t r o l  of ionospheric  e l e c t r o n  
temperatures .  47 Later r e s u l t s  w i t h  t h e  ARIEL s a t e l l i t e  48 
and w i t h  ground-based radar incoherent backsca t t e r  appara tus  49 
confirmed t h i s  d i u r n a l  dependency. 
49,50 comparison of radar backsca t t e r  observa t ions  a t  two l o c a t i o n s  
showed t h a t  there also is a s t r o n g  dependency of Te upon magnetic 
l a t i t u d e ,  
subsequent ly  conf irmed5 with the  EXPLORER 17 sa te l l i t e .  
The ARIEL r e s u l t s  and a 
Both  the d i u r n a l  and l a t i t u d i n a l  c o n t r o l  of Te w e r e  
The 
obse rva t ions  toge the r  show t h a t  t h e  daytime r a t io  of Te t o  
t h e  n e u t r a l  gas temperature can reach va lues  up t o  2 depending 
on l a t i t u d i n a l  and temporal condi t ions.  
S ince  newly-created e l e c t r o n s  share their  excess  energy 
w i t h  t h e  ambient e l e c t r o n s ,  it follows tha t  Ne: and Te should be 
s t r o n g l y  coupled. 
daytime ionosphere t h u s  can be explained i n  ferns of magnetic 
f i e l d  c o n t r o l  of t h e  e l e c t r o n  dens i ty  at least  a t  moderate 
a l t i t u d e s .  
a l t i t u d e  above 600 km. 48 T h i s  would not  be expected i f  direct 
effects of solar  u l t r a v i o l e t  r a d i a t i o n  c o n s t i t u t e  t h e  only 
source  of daytime charged p a r t i c l e  hea t ings .  The observa t ions  
are c o n s i s t e n t  w i t h  t h e  of poss ib l e  i n d i r e c t  effects 
of u l t r a v i o l e t  r a d i a t i o n ,  s p e c i f i c a l l y  a mechanism whereby a l l  
of the newly-created e l e c t r o n s  do n o t  depos i t  t h e i r  energy i n  
t h e  lower F reg ion  where they  a r e  created but  where some are 
permi t ted  t o  d i f f u s e  along magnetic f i e l d  l i n e s  and depos i t  t h e  
5 , 4 8  energy a t  h igh  a l t i tudes .  . Another important observa t ion  
is t h a t  t h e  e l e c t r o n  temperature is somewhat h ighe r  t h a n  t h e  
n e u t r a l  gas temperature a t  n igh t .  ‘ T h i s  r e q u i r e s  a n ight t ime 
source  of p a r t i c l e  hea t ing  having an i n t e n s i t y  which is a 
s m a l l  f ract ion4’  of t h e  daytime u l t r a v i o l e t  source.  
The l a t i t u d i n a l  behavior of Te f o r  the 
But, it has been observed t h a t  Te i n c r e a s e s  wi th  
48 
TEE UP1ER IOXOSPBERE 
into t h e  F reg ion  where O+ ions dominate and the upper ionosphere 
In  t h i s  paper,  t h e  higher a l t i t u d e s  have been subdivided 
- 19 - 
where l i g h t  i o n i c  cons t i tuents  a r e  more abunden t ,  
vat ions show t h a t  on t h e  average, t h e  t r a n s i t i o n  a l t i t u d e  
between these t w o  regions is about 600 km. 
and ARIEL s a t e l l i t e  r e s u l t s  show tha t  tne t rGns i t ion  is 
from O+ t o  He+ and then t o  H+ as t h e  a l t i t u d e  ibcreases,  a t  
least during the m i d d l e  of t h e  s o l a r  cycle .  
show t h a t  the  thickness and a l t i t u d e  of the  helium ion region 
decrease d r a s t i c a l l y  from day t o  night .  0 t h e r . r e s u l t s  show a 
more complicated behavior i n  which for  nighttime conditions, .  . 
and f o r  a l l  d iu rna l  t i m e s  during t h e  year  of m i n i m u m  solar  
a c t i v i t y ,  helium ions a re  never doninant. The exact morphology 
of upper ionospheric composition is  not y e t  clear.  
It has been suggested53 t h a t  t h e  Iiiean i o n i c  mass is a 
funct ion of t h e  ion temperature. There a l ready e x i s t s  evidence 
t h a t  t he  ion temperature i n  the upper ionosphere is cont ro l led  
by t h e  e l e c t r o n  temperature which w e  have shown e x h i b i t s  a 
complicated d iu rna l  and l a t i t u d i n a l  behavior. I t  is becoming 
clear t h a t  theoretical models of the  F region,  the upper 
ionosphere and the  interdependence of these two regions need 
t o  be updated t o  include (a) g rav i t a t iona l  f o r c e s  i n t o  which 
are i n s e r t e d  charged p a r t i c l e  temperatures and i o n i c  composition 
t h a t  are temporally and l a t i t u d i n a l l y  var iab le ;  (b) t h e  
p o s s i b i l i t y  of an ion iza t ion  source related t o  f a s t  p a r t i c l e s  
which is superimposed i n  the u l t r a v i o l e t  source and which 
con t r ibu te s  t o  the  maintenance of the  nighttime ionosphere and 
(c) the  p o s s i b i l i t y  of i n d i r e c t  ionizat ion from u l t r a v i o l e t  
r a d i a t i o n ,  s p e c i f i c a l l y  t h e  effect of photoelectrons d i f f u s i n g  
from t h e  lower F region along ,magnetic f i e l d  l i n e s  t o  deposit 
t h e i r  energy a t  the  higher  a l t i t u d e s .  Thus although szf - l i t e  
and ground-based s t u d i e s  i n  recent years  have provided ;i &-e- 
l i n i n a r y  descr ip t ion  of the  charged p a r t i c l e  parameters a t  
high a l t i t u d e s ,  t he  observations need t o  be exteaded and 
correlated w i t h  measurements of photoelectron and fas t  p a r t i c l e  
fluxes bezore adequate t h e o r i e s  of fornation of these  regions 
cap 36 forzzzlated. 
hlost obser- 
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